Introduction 45 46
Moving successfully through the environment requires the integration of visual and 47 vestibular information. These senses provide primary sources of information for 48 determining our own inertia and (in the case of vision) the movement of objects in the 49 environment. However, natural movements of the head during self-motion result in 50 optic flow that confounds both visual heading perception and detection of object 51 motion. Multisensory integration potentially provides a means by which irrelevant 52 retinal motion arising from the movement of the body, eyes and head can be discounted 53 from retinal motion that occurs as a result of either self-translation or movement of 54 external objects. respectively. During rotational motion, VIP shows similar proportions of neurons with 66 opposite and congruent visual-vestibular preference (Chen et al., 2011a ), but MSTd 67
shows a marked predominance of neurons with opposite preferences (Takahashi et al., 68 2007) . This predominance might suggest that rotational vestibular cues resulting from 69 4 head motion are encoded in MSTd primarily for the purpose of distinguishing relevant 70 external motion from irrelevant self-motion. Whole-field visual flow can be used for this 71 purpose but the additional use of vestibular cues might increase precision and also 72 potentially disambiguates head rotation from large rotating objects. 73
74
In human neuroimaging studies, several cortical regions show specificity for optic flow, 75 including a region known as hMST, which may include a homologous region to macaque 76
MSTd. The cingulate sulcus visual area (CSv) and a region in intraparietal cortex that 77 has some characteristics in common with macaque VIP (putative human VIP or pVIP), 78
have been shown to favor optic flow that reflects self-motion over flow that does not 79 Using psychophysics, we were able to emulate cue combinations compatible with 88 natural head roll by employing visual stimuli that were tailored to match the measured 89 sensation of head roll induced by galvanic vestibular stimulation (GVS). We then used 90 multivariate pattern analysis to determine whether distinct populations of congruent 91 and opposite neurons exist in human cortical regions that are known to be involved in 92 multisensory processing. (Frank et al, 2014) . In many cases, pVIP was also defined. We find that 212 pVIP is the most difficult region to define with this method because it responds quite 213 well to both stimuli and definition relies on a modest degree of differential activity. In a 214 few cases pVIP could not be defined reliably for this reason and in some others the 215 acquisition volume did not extend sufficiently far dorsally. V1 was also localised, to 216 provide a control ROI which was not expected to distinguish congruent and opposite 217 vestibular-visual cues. V1 was defined using standard retinotopic mapping procedures, 218 with a wedge (24º segment with a radius of 12º) rotating at 64 sec/cycle. 219
220
In addition to these visually defined ROIs, a vestibular localiser was used to determine 221 independent regions that responded to GVS in darkness. The GVS localiser employed 2 s 222 (2 cycles) of a 1 Hz sinusoid. Stimulation was followed by a 2-10 second inter-trial 223 interval. A total of 160 trials were presented across two runs. All light was excluded and 224 participants were also asked to close their eyes. Two ROIs were defined in this way. The univariate magnitude of the BOLD response in each condition was extracted from 275 each ROI and is shown in Figure 4 . All regions examined showed broadly comparable 276 responses in the two conditions, mirroring the matched retinal stimulation rather than 277 reflecting the difference in perceived motion resulting from the temporal phase in 278 which the stimuli were combined. There was an overall trend towards larger responses 279 in the Nulled condition (not significant by t-test in any region). A possible explanation of 280 this difference, if real, is that retinal motion in the Control condition was too weak. 281
Analysis of VOR gain showed that it was about 10% lower, in both conditions, than 282 during the pre-scan calibration on which the correction was based, which means that 283 retinal motion in the Control condition was somewhat slower than intended. 284
285

Discussion 286
Using psychophysics, we were able to create, and present to a static person lying in an 287 MRI scanner, visual-vestibular cue combinations that were consistent with natural head 288 rotation in the roll axis (congruent visual-vestibular cues). We were able to mimic the 289 natural situation in which the head rolls, the retinal image consequently rotates, but the 290 world appears static i.e. retinal image motion is suppressed. By reversing the direction 291 of retinal motion (to give opposite visual-vestibular cues) we could create a situation in 292 which the magnitude of retinal motion was unchanged but was now strongly perceived 293 because it summed with, rather than nulling, the effect of GVS (Control condition). 294
When direction of rotation was alternated over time by means of sinusoidal GVS 295 accompanied by sinusoidal retinal motion, each combination could be created in a 296 continuous fashion and we could switch between them by reversing the relative phase 297 of the two stimuli. The two conditions then contained identical retinal motion and 298 identical vestibular motion, and could be compared directly with fMRI, free from the 299 confound of absolute direction. This allowed us to determine whether several key brain 300 regions, some of which may be homologues of cortical regions in non-human primates 301 that have been shown to integrate visual and vestibular cues, were sensitive to the 302 difference between the two combinations i.e. to the relative phase in which the stimuli 303 were presented. 304
305
Univariate analysis of the fMRI data enabled us to ask, for each cortical region examined, 306 whether activity is determined by retinal motion or by perceived motion. The two 307 conditions elicited similar BOLD responses in all areas studied (Figure 4 ). Small 308 differences may exist that we failed to detect but activity appears to be broadly 309 governed by retinal motion rather than perceived motion. If anything, activity was 310 greater when no motion was visible (Nulled condition). 
integration. 351
In conclusion, our fMRI results, together with the finding that participants were unable 352 to see retinal motion when it emulated that which would be present in a typical head 353 roll situation, suggests that multisensory integration plays a large role in discounting 354 retinal motion that is irrelevant to interacting with the world and provides important 355 information concerning the locus of this process in the human brain. 356 
